Ras GTPases are best known for their ability to serve as molecular switches regulating cell growth, differentiation and survival. Gene mutations that result in expression of constitutively active forms of Ras proteins have been clearly linked to oncogenesis in animal models and humans. However, over the past two decades, evidence has gradually accumulated to support a paradoxical role for Ras proteins in the initiation of cell death pathways. The balance between the opposing functions of Ras in cell proliferation/survival versus cell death can be critical for determining the overall fate of the cancer cell. In this review we will survey the body of literature that points to the ability of activated Ras proteins to tip the scales toward cell death under conditions where cancer cells encounter adverse environmental conditions or are subjected to apoptotic stimuli. In some cases the consequences of Ras activation are mediated through interactions with known effectors and well defined apoptotic death pathways. However, in other cases it appears that Ras operates by triggering novel non-apoptotic death mechanisms that are just beginning to be characterized. Understanding the details of these pathways, and the various factors that go into changing the nature of Ras signaling from pro-survival to pro-death, could potentially set the stage for the development of novel therapeutic approaches aimed at manipulating the prodeath Ras effector pathways in cancers.
Widespread interest in Ras proteins stems primarily from the knowledge that mutations in ras genes can be oncogenic (16, 17) . The ras mutations typically found in human cancers result in amino acid substitutions that reduce intrinsic GTPase activity or impair interaction with GTPase-activating proteins (GAPs) (2, 17, 18) . Consequently, mutations such as the common G12→V and Q61→L are regarded as `activating' because they result in chronic unregulated stimulation of Ras effector pathways. Activating mutations in ras genes occur widely in spontaneous and experimentally induced tumors in rodents (19, 20) and in approximately 30% of human malignancies (21) . Mutations in specific Ras family members are commonly associated with particular types of tumors; e.g., K-Ras in colon (22, 23) and pancreatic cancers (24, 25) , H-Ras in bladder carcinoma (26) , and N-Ras in myeloid leukemia (27) . With the spotlight on the oncogenic activity of Ras, the vast majority of published studies concerning these proteins have understandably focused on their roles in stimulating cell growth and promoting cell survival. Certainly, the accumulated body of evidence leaves little doubt that the latter can be important consequences of Ras activation. Nevertheless, throughout the past 10-15 years, reports have occasionally appeared suggesting that activation of Ras proteins can have detrimental effects on mammalian cells, ultimately leading to death by apoptosis or other mechanisms (28) . The identification of specific Ras effectors that have pro-apoptotic functions (29) (30) (31) lends credence to the idea that the death-promoting effects of Ras may be physiologically significant under some circumstances. Even in cases where the negative effects of Ras on cell viability are observed under somewhat artificial experimental conditions (e.g., ectopic overexpression of constitutively active Ras proteins), understanding the relevant signaling pathways could lead to the identification of new molecular targets that might be manipulated to trigger cell death in cancer cells.
The intent of this review is to provide an overview of examples from the literature where activation of endogenous Ras or ectopic expression of activated Ras mutants have been shown to cause apoptotic or non-apoptotic cell death in mammalian cells. We will not discuss the evidence linking Ras to cellular senescence (permanent cell cycle arrest) which is not in itself a cell death pathway (32, 33) . The scope of the review will be limited to the "classical" H, K, and N-Ras proteins, where connections to cell death pathways are much better established than for the R-Ras proteins. Except for cases where overlap exists with Ras cell death signaling pathways, it will not be possible to consider the large number of Ras-related GTPases (34) , which fall into distinct subfamilies involved in regulation of cytoskeletal architecture and cell motility (Rho/Rac), vesicular trafficking (Rab), and nucleocytoplasmic transport (Ran), all of which could potentially influence cell survival. Although a brief overview of the signaling functions of Ras proteins will be included to set the stage for discussion of Ras-mediated cell death pathways, we will not attempt to cover in depth the extensive body of information available on Ras signaling networks or the roles of Ras and its effectors in cell growth and tumorigenesis, which have been the subjects of many previous reviews.
Overview of Ras Signaling
Three decades of intense study have yielded a tremendous amount of information about the guanine nucleotide dependent structural conformations of Ras proteins (35) (36) (37) , the identities and functions of the guanine nucleotide exchange factors (GEFs) and GAPs that control the Ras nucleotide state (38) (39) (40) , and the complex downstream signaling pathways regulated by Ras GTPases (41) (42) (43) . From these studies a general picture has emerged wherein Ras proteins are viewed as key intermediates in the transmission of signals from cell surface receptors to intracellular effectors (Fig. 1) . The latter may have direct effects on cellular processes that take place in the cytoplasm (e.g., actin organization, endocytosis), or
Induction of Apoptosis by Ras
The prevailing view that activating mutations in Ras proteins uniformly lead to unregulated cell proliferation, resistance to programmed cell death and more aggressive phenotypes in human tumors has been called into question by a studies evaluating the prognostic importance of N-and K-ras gene mutations in acute myeloid leukemia (72) and H-Ras expression in neuroblastoma (73) . Surprisingly, these studies showed a positive correlation of activating ras mutations or increased Ras expression with improved survival. These observations are consistent with numerous studies with cultured cells demonstrating that ectopic expression of activated Ras can trigger cell death under some circumstances, or that activation of endogenous Ras can be an essential step in the process whereby cells initiate death pathways in response to growth factor deprivation or other pharmacological or environmental insults. With some exceptions noted later in this review, such studies have focused mainly on connections between Ras and the most widely recognized form of programmed cell death, apoptosis. In this section, we will provide an overview of early studies which indicated that, in addition to its well-established pro-survival role, Ras can have paradoxical pro-apoptotic effects under specific conditions.
In mammalian cells apoptosis is manifested by several diagnostic morphological characteristics, including cytoplasmic shrinkage, condensation of nuclear chromatin, blebbing of the cell membrane, and eventual fragmentation of the cell into apoptotic bodies (74) . At the biochemical level, one of the key features of apoptosis is endonuclease cleavage of DNA at internucleosomal sites, yielding discrete fragments that can be detected as a "ladder" on an electrophoresis gel. The molecular pathways involved in triggering and executing the apoptotic cell death program have been studied extensively and have been the subject of excellent reviews (75, 76) . Very briefly, apoptosis can be initiated through either an extrinsic pathway or an intrinsic pathway. In the extrinsic pathway, death-promoting ligands like tumor necrosis factor α (TNFα) or FasL bind to their respective receptors on the cell surface and initiate a signaling cascade leading to activation of a cysteine protease, caspase 8, and cleavage of the pro-apoptotic Bcl-2 family member, Bid, to form tBid. The latter promotes release of cytochrome c from the mitochondria, facilitating assembly of the apoptosome complex and activation of a caspase cascade commencing with caspase 9, and culminating with the so called `executioner' caspases (e.g., caspase 3, caspase 7). The terminal caspases work on various substrates in the nucleus and elsewhere in the cell to effect the degenerative changes typical of apoptosis. The intrinsic apoptotic pathway differs from the extrinsic pathway in that it is triggered by a general insult rather than a specific ligand-receptor interaction. For instance, growth factor withdrawal, DNA damage, loss of cell-matrix attachment, and altered calcium flux from the endoplasmic reticulum are all capable of inducing the intrinsic apoptotic pathway. Signals are transmitted to the caspase machinery through one of several well defined mechanisms (e.g., activation of p53, suppression of anti-apoptotic Bcl-2 or Bcl-X L ), ultimately resulting in increased association of pro-apoptotic Bcl-2 family members (e.g., Bax, Bak) with the mitochondrial membrane, release of cytochrome c, and propagation of the downstream caspase cascade.
Early reports of Ras being able to stimulate apoptosis instead of promoting cell survival came from experiments in which activated forms of Ras were ectopically expressed in fibroblasts. In one study, Kauffmann-Zeh et al. (77) found that although expression of constitutively active PI 3-Kinase could block c-Myc-induced apoptosis, overexpression of Ras(V12) had the opposite effect, actually enhancing the pro-apoptotic effect of c-Myc. This suggested that in cases where Ras is hyperactive, pro-apoptotic signals may override the pro-survival signals mediated through the PI 3-Kinase effector pathway. In a study that appeared shortly thereafter, Mayo et al. (78) reported that all three forms of Ras with oncogenic mutations were able to trigger p53-independent apoptosis, provided that endogenous NFκB signaling was suppressed. Evidence for a role for Ras in apoptosis has since been extended by numerous studies demonstrating that activation of endogenous Ras is correlated with or required for apoptotic death in a variety of cell types exposed to different pro-apoptotic stimuli. These include, treatment of Jurkat cells with Fas (79), withdrawal of cytokines from T-cells (80, 81) , treatment of osteosarcoma and neuroblastoma cells with cisplatin (82) , treatment of osteosarcoma cells with a protein kinase C inhibitor, chelerythrine (83) , and exposure of fibroblasts to cycloheximide, ceramide or mitomycin C (84).
As noted for Ras signaling in general, the specific consequences of Ras activation for apoptosis may vary, depending on the predominant form of Ras expressed in a particular cell type. For instance, H-Ras and K-RasB have opposite effects on radiation-induced apoptosis in fibroblasts, with K-Ras promoting apoptosis and H-Ras having a protective effect (85) . Similarly, opposing roles for K-Ras versus H-Ras have been observed in endometrial cells subjected to serum deprivation (86) . Further complicating matters, the nature of the posttranslational modifications of Ras can have a significant impact on its pro-apoptotic behavior. For example, treatment of cells expressing N-Ras or K-RasB with a farnesyltransferase inhibitor seems to switch Ras from a stimulator of cell proliferation to an inducer of apoptosis by promoting alternative prenylation of the carboxyl-terminal cysteine (normally farnesylated) with a geranylgeranyl group (87) . One possible explanation for the switch to pro-apoptotic behavior might be that altering the lipid modification on Ras could affect its subcellular compartmentalization and/or change its range of potential effector interactions. Phosphorylation also appears to play a key role in enhancing the pro-apoptotic function of KRasB. Specifically, Bivona et al. (88) have demonstrated that protein kinase C (PKC)-mediated phosphorylation of serine-181 in the unique polybasic region near the carboxyl-terminus of KRasB stimulates apoptosis. A mechanism for this effect is suggested by their observation that phosphorylation correlates with translocation of the active GTPase from the plasma membrane to intracellular compartments, including the mitochondria, where Ras interacts with members of the Bcl-2 family (discussed below).
Mechanisms of Ras-Induced Apoptosis

Replication Stress
Early theories concerning the possible mechanism of Ras-induced cell death centered on the concept that loss of cell viability could be associated with sustained mitogenic signaling and aberrant cell cycle progression, leading to replication stress. Along these lines, Miranda et al. (89) initially observed that abnormal expression of wt or mutant H-Ras in HeLa cells leads to accumulation of giant multinucleated cells with chromosomal abnormalities, consistent with a mitotic death mechanism (mitotic catastrophe). Recent evidence indicates that cell death resulting from sustained mitotic arrest proceeds via classical apoptosis pathways triggered by phosphorylation and inactivation of the anti-apoptotic Bcl-2 family member, Mcl-1 (90, 91) . Other investigators, working with rat fibroblasts (92) or normal thyroid cells (93) have observed different effects of activated Ras on cell cycling, with arrest in the G1 phase or the G2/M phase, preceding apoptosis. In contrast to the many examples where cells transformed by Ras exhibit elevated levels of cyclin D1 (94) (95) (96) (97) , in these studies the cell cycle perturbations triggered by Ras were accompanied by decreased levels of cyclin D1 (92, 93) . Moreover, in thyroid cells, acute expression of Ras(V12) also activated the ATR kinase, a sensor of DNA damage (98) . Together, these findings support a model wherein some types of cells, challenged by Ras-driven dysregulation of cell cycling, may respond by activating `replication stress' checkpoints, where cells with genetic damage are held until they can be eliminated by apoptosis. It remains unclear why this response has been observed in some types of cells but not others.
The ERK Pathway
The pleiotrophic effects of activated Ras have made it extremely challenging to pinpoint all of the specific Ras signaling pathways that might contribute to its pro-apoptotic effects under various conditions where Ras-induced cell death has been observed. Despite abundant evidence that Ras activation of the Raf → MEK →ERK pathway plays an important role in stimulating cell proliferation (99) (100) (101) and promoting cell survival (102) , there is also a case for involvement of this pathway in the pro-apoptotic effects of Ras. Experiments utilizing Ras constructs with partial loss-of-function mutations in the effector domain, which selectively reduce interaction with Raf, demonstrated that interference with Ras signaling to ERK could blunt the induction of apoptosis in response to serum deprivation in fibroblasts (77) . Similar conclusions were reached in studies applying MEK inhibitors to block downstream signals from Raf in fibroblasts exposed to a PKC inhibitor (83) or in thyroid cells in which death was induced by genes of the RET/PTC family (103) . It is now clear from numerous studies (reviewed in references 104,105) that activation of ERK plays a broad role in the apoptotic response of many types of normal and transformed cells. Although a direct link to activation of Ras has not been established in all cases, there is abundant evidence that activation of ERK1/2 can be important for the response of tissues and cells to death receptor ligands (TNFα, TRAIL), oxidative stress, nutrient deprivation, or DNA-damage caused by drugs or radiation.
Proposed mechanisms linking ERK activation to induction of apoptosis include stimulation of the extrinsic apoptotic pathway through interactions with regulatory proteins of the death receptor → caspase 8 pathway (106, 107) , direct perturbation of mitochondrial function (108, 109) , and regulation of transcription factors that control expression of death receptors (110) or proteins involved in modulating the intrinsic apoptotic pathway (e.g., p53, Bax, Bcl-2) (111-113). In addition to its role in apoptosis, ERK has also been implicated as a regulator of nonapoptotic cell death pathways, which will be discussed later in this review. These studies underscore the current challenge of reconciling how activation of ERK can be involved in mediating the pro-apoptotic effects of Ras under certain conditions, while the preponderance of evidence over the past two decades points to a role for Ras-mediated ERK activation in promoting mitogenesis and cell survival. The solution to the puzzle most likely will depend on understanding parallel Ras signaling pathways that could alter the consequences of Ras →ERK signaling. For instance, shifts in the balance of Ras signaling from the pro-survival PI 3-Kinase pathway to the pro-death effector pathways (e.g., Nore1, discussed in the following sections) certainly could play important roles in modifying the net outcome of Ras activation of ERK (28, 114) . As noted earlier, such differences in the transmission of signals to the different branches of the Ras network might arise from environmental cues (growth factors, nutrients, extracellular matrix interactions), the relative abundance of the specific Ras isoforms in a particular cell type, differential subcellular localization of the Ras proteins, or the variations in the expression levels of the Ras effectors.
The Rac Pathway
In addition to the aforementioned PI 3-Kinase, Raf, and Nore1 signaling pathways, there have been some hints that the net effect of Ras activation on cell survival versus cell death may also depend on the activity of parallel pathways controlled by other Ras-related GTPases like Rac. The discovery of Rac GEFs like Tiam1, which contains a Ras binding domain and can thereby link activation of Ras to activation of Rac (65, 115) , suggests that crosstalk between these pathways could be important for some Ras-mediated functions, possibly including the promotion of apoptosis. In support of this notion, one study showed that interference with Rac activation by co-expressing a dominant negative Rac mutant with activated Ras could block the pro-apoptotic activity of Ras (116) . However, another study came to the opposite conclusion, demonstrating that induction of apoptosis by Ras was blocked by active Rac (117) . In both studies the effects of Rac on cell survival were thought to be mediated by activation of NFκB. The accumulated evidence that NFκB can be pro-apoptotic or anti-apoptotic, depending on the nature of the apoptotic stimulus, its transcriptional targets, and the cell type (118, 119) , might offer an explanation for these contradictory findings.
Among the many known functions of Rac GTPases, one of the first to be elucidated was the stimulation of free radical production via the NADPH oxidase complex in phagocytic cells (120, 121) . It has since been established that activated Rac can also stimulate the production of reactive oxygen species (ROS) through other mechanisms in a variety of non-phagocytic cell types (122) (123) (124) (125) . It thus becomes possible to envision a mechanism whereby Ras activation could affect cell viability by modulating the intracellular production of ROS, possibly via activation of Rac. In support of this concept, Gulbins et al. (79) reported that induction of apoptosis in the Jurkat T-cell leukemia cell line by Fas involves rapid activation of Ras and synthesis of ROS. Introduction of dominant-negative Ras into the cells reduced the production of ROS and also prevented apoptosis. Whether or not the Ras-induced production of ROS may induce apoptosis by activating NFκB remains unclear because of the aforementioned uncertainties about the pro-survival versus pro-death roles of NFκB, and because of a lack of consensus regarding the exact role of endogenous ROS in regulating the activity of NFκB. Nevertheless, a potential role for ROS in Ras-induced apoptosis is worth further consideration, given the well known connections between elevated ROS and apoptosis (126, 127) .
Aside from its potential ability to induce cell death through stimulation of ROS production, Ras-mediated activation of Rac1 may also activate stress pathways that can lead to cell death. A number of studies have indicated that interaction of Rac with another of its effectors, the stress-activated kinase, MKK7 (128) , can have important consequences for cell viability through its downstream target, JNK1/2 (c-Jun N-terminal Kinase) (129) . JNK1/2 is an important activator of the cytochrome c-mediated apoptotic pathway (130) . Regulation of JNK1/2 by Rac1 has been implicated in apoptosis induced by Fas or ceramide in Jurkat cells (131) and fibroblasts (132) and by TNFα in intestinal epithelial cells (133, 134) . A direct connection between expression of constitutively active Ras(V12) and Rac1-mediated activation of JNK1/2 was recently demonstrated by Byun et al. (135) , although in that case cell death involved a non-apoptotic mechanism (discussed later in this review).
The Bcl-2 Proteins
There have been a few intriguing reports suggesting that Ras GTPases may associate directly with proteins of the Bcl-2 family. Since the latter are well known regulators of apoptosis (136) (137) (138) , such interactions are of obvious interest in terms of understanding the contrasting effects of Ras in promoting cell death or cell survival. Very briefly, the antiapoptotic members of the family, Bcl-2, Bcl-X L and Mcl-1, can inhibit apoptosis induced by a wide variety of chemical and physical stimuli, principally by preventing the release of cytochrome c from mitochondria and subsequent activation of Apaf-1 and downstream caspases (e.g., caspase-9, caspase-3) (139, 140) . In contrast, the pro-apoptotic members of the Bcl-2 family, such as Bax and Bak, can stimulate release of mitochondrial cytochrome c and trigger activation of the initiator and executioner caspases (141) . Although considerable controversy still exists concerning the exact mechanisms whereby the different Bcl-2 family members exert their unique activities, the key finding that anti-apoptotic Bcl-2 proteins can form heterodimers with the pro-apoptotic members (142, 143) has led to a prevailing model in which the balance between cell death and survival is thought to rest on the expression levels, localization, and functional interactions of the pro-apoptotic and anti-apoptotic members of the Bcl-2 family (144).
Early evidence for a connection between Ras and Bcl-2 came from the work of Chen and Faller (145) , who showed that Bcl-2 could suppress the ability of constitutively active H-Ras to induce apoptosis when PKC was inhibited in Jurkat cells. Most notably, they also showed that the phosphorylation of Bcl-2 was increased in cells expressing activated H-Ras. The same group subsequently demonstrated that activated H-Ras can be immunoprecipitated with Bcl-2, and that the association increases in conjunction with delivery of an apoptotic stimulus and an increase in the phosphorylation state of Bcl-2 (146) . Finally, they showed that that upon apoptotic stimulation, the interaction between Bcl-2 and H-Ras takes place at the mitochondrial membrane (147) . In considering the functional consequences of the HRas-Bcl-2 interaction, one might suspect that binding to Ras could serve to sensitize cells to apoptosis indirectly, by interfering with the anti-apoptotic function of Bcl-2 and thereby facilitating the pro-apoptotic effects of Bax and Bak. However, Chen et al. (146) found that preventing the phosphorylation of Bcl-2 and decreasing its association with Ras actually made cells more susceptible to apoptosis, consistent with their initial observation that Bcl-2 protects against Ras-induced apoptosis. The implication of this finding is that, at least in lymphoblastoid cells, translocation of H-Ras to the mitochondrial membrane actively delivers an apoptotic signal that can be blocked by Bcl-2. In the case of H-Ras, the exact nature of this apoptotic signal remains unknown.
A somewhat different picture of Ras-mediated apoptosis and interaction with the Bcl-2 family has emerged from the work of Philips and colleagues (88), focusing on K-Ras instead of H-Ras. They discovered that PKC stimulates the pro-apoptotic signaling of K-RasB by phosphorylating S181 in its carboxyl-terminal poly-basic domain. By reducing the net positive charge of this region, the phosphorylation weakens association of K-Ras with the plasma membrane. The ability of the "electrostatic switch" to promote apoptosis appears to be related to the translocation of the phosphorylated K-Ras to the mitochondrial membrane, where it interacts with Bcl-X L . Like Bcl-2, the latter is typically regarded as playing an antiapoptotic role. However, in this case, the association with K-Ras is postulated to confer a pro-apoptotic function onto Bcl-X L , as evidenced by the finding that the pro-apoptotic effect of K-Ras is eliminated in Bcl-X L null fibroblasts (88) .
In addition to direct binding of Ras to members of the Bcl-2 family, Ras can affect the expression of p53 via activation of ERK (111) (112) (113) . Through this pathway there is the potential for Ras to indirectly influence the expression of p53-regulated genes like Bax and Bcl-2, but because of the complexity of the signaling pathways that converge on p53, the relative importance of Ras signals is not easy to delineate. There is however some clear evidence for the ability of Ras to up-regulate the expression of a specific pro-apoptotic member of the Bcl-2 family, BNIP3, from a study done in RAW 264.7 cells, a mouse leukemia line with macrophage characteristics (148) . In this report, cell death triggered by nitric oxide was completely dependent on activation of Ras and increased expression of BNIP3. The latter appeared to be mediated through ERK activation of the transcription factor, HIF-1 (hypoxia-inducible factor 1), which binds to the BNIP3 promoter. Most intriguing was the finding that activation of Ras by NO required nitrosylation of C118. It will be interesting to see if the regulation of BNIP3 and the novel post-translational nitrosylation of Ras turn out to be of general importance for apoptosis in other types of cells.
Pro-Apoptotic Effects of Ras Mediated by the RASSF Family
In the quest to identify Ras effector pathways that could provide a clear mechanistic basis for the observed pro-apoptotic activity of the activated GTPase, a major breakthrough came with the identification of the Ras-Association Domain Family (RASSF) of proteins. The latter encompasses 10 members, RASSF1-RASSF10, with additional isoforms identified due to alternative promoter use or splice variations of some of the members (reviewed in ref.
149). All members of this family contain a Ras-association (RA) domain which, as the name implies, may enable the proteins to directly interact with, and potentially modulate the activity of, different members of the Ras family. However, not all proteins with an RA domain are capable of interacting with Ras (150) . Overexpressed RASSF1 (151), RASSF2 (152) and NORE1 (Novel Ras Effector 1, also known as RASSF5,) (29) have been shown to be Ras effectors, in that they bind preferentially to Ras in its GTP conformation. However, only RASSF2 (153) and RASSF5 (29) have been demonstrated to take part in this interaction in an endogenous environment.
RASSF1A is a tumor suppressor that is frequently silenced by promoter methylation in human tumors (154) . Vos et al. (31) have demonstrated that the direct association of RASSF1A with the Modulator of Apoptosis-1 (MOAP-1) can activate the pro-apoptotic protein, Bax, to induce cell death in 293T cells. The interaction of MOAP-1 and RASSF1A is stimulated by the presence of activated K-Ras, resulting in synergistic enhancement of cell death. The authors demonstrate that K-Ras(V12) stimulates the ability of RASSF1A-MOAP-1 complex to cause translocation of Bax from the cytosol to the mitochondrial membrane, where it can induce apoptosis. When RASSF1 mRNA levels are reduced by siRNA, K-Ras(V12) cannot efficiently activate Bax. A similar effect is seen with the Y40C effector domain mutant of K-Ras, which has impaired ability to induce RASSF1A-MOAP-1 interaction. Interestingly, C65R, a tumor-derived point mutation of RASSF1A, does not interact with MOAP-1 or induce cell death in the presence or absence of activated K-Ras.
RASSF1A has also been shown to interact with the proapoptotic kinase, MST1 (30) , which could also lead to cell death. However, it is not known if this interaction occurs in response to Ras activation. Based on other studies showing that the stimulation of MST1 may activate the kinases LATs1 and LATs2, which leads to down-regulation of the anti-apoptotic Bcl-2 (155,156), Vos et al. (31) suggest the interesting possibility that RASSF1A may regulate multiple pathways to induce apoptosis, leading to its importance as a tumor suppressor.
RASSF1C is a shorter product than RASSF1A, resulting from alternative splicing combined with transcription from a distinct promoter of the RASSF1 gene (157) . RASSF1C has been identified as a mediator of Ras-induced apoptosis when transiently co-expressed with Ras(V12) (151) . This appears to occur through activation of the SAPK/JNK pathway (158) . Others have reported that RASSF1C never associates directly with Ras(V12) (159) . Therefore, the physiological relevance and mechanistic details of the interaction of these proteins will require further investigation.
Like RASSF1A, RASSF2 displays characteristics of both a Ras effector (152) and a tumor suppressor (160) . Endogenous RASSF2 has been shown to bind to the prostate apoptosis response protein 4 (PAR-4) (161). The latter is an important tumor suppressor in the prostate (162) and is capable of inducing apoptosis following translocation to the nucleus (163) . Association of PAR-4 with RASSF2 allows nuclear localization of PAR-4 and formation of this complex is enhanced upon expression of activated K-Ras (161). In the H441 lung carcinoma cell line, which endogenously expresses activated K-Ras, siRNA-mediated knockdown of K-Ras reduced the interaction of PAR-4 with RASSF2 (161). In addition, knockdown of RASSF2 impaired K-Ras mediated nuclear localization of PAR-4 and TRAIL-induced apoptosis in prostate cancer cells (161) . Taken together, these data suggest that K-Ras induced apoptosis, linked to PAR-4, may be a key regulatory step for tumor suppression in the prostate. NORE1, also known as RASSF5, shares approximately 60% homology with RASSF1 at the amino acid level (164) . Khokhlatchev et al. (30) have demonstrated that endogenous NORE1 and the proapoptotic kinase, MST-1, exist as a complex in 293 cells. Activated K-Ras can recruit this complex to the membrane, through its interaction with NORE1, to induce apoptosis. While H-and K-Ras(V12) were both shown to bind to the MST-1-NORE1 complex, only stimulation by K-Ras(V12) resulted in the induction of apoptosis. The authors attribute this functional divergence to the fact that H-Ras(V12) is much more efficient at stimulating the PI 3-Kinase "survival" pathway than K-Ras (66), suggesting that perhaps this imbalance tips the scales away from induction of apoptosis. Studies utilizing HRas constructs with amino acid substitutions in the effector domain have provided support for this concept. The interaction of Ras with NORE1 occurs through the effector region of Ras (29) , and H-Ras harboring either the T35S or Y40C effector mutations is impaired in NORE1 association. However, the E37G Ras mutant remains capable of associating with NORE1 (30) . Interestingly, the E37G mutation impairs the ability of Ras proteins to activate Raf or PI 3-Kinase. The paper by Khokhlatchev et al. (30) demonstrates that while overexpression of H-Ras(V12) does not induce NORE1-mediated apoptotic cell death in 293 cells, H-Ras(V12,G37) is capable of causing such death, potentially due to the inability of this protein to stimulate the PI 3-Kinase pathway for survival. Conversely, the authors reveal that overexpression of PI 3-Kinase can mute the apoptotic effect of activated K-Ras. Together these results emphasize the overall importance of the balance between PI 3-Kinase activation of pro-survival pathways and NORE1 activation of pro-death pathways (30) .
Recombinant RASSF4 (165) and RASSF6 (166) have been observed to directly interact with activated Ras, and transient overexpression of these proteins leads to apoptosis that is synergistically enhanced by activated Ras. Additionally, overexpressed RASSF6 was shown to co-immunoprecipitate with MOAP and this interaction is enhanced in the presence of activated K-Ras (166). However, like RASSF1C, further studies on endogenous protein interactions and details of the pathways leading to apoptotic cell death have yet to be reported.
Of the four newer members of the RASSF family, RASSF7-10 (167), only RASSF9 has been shown to bind to Ras proteins (168), but little is known about the cellular effects of this interaction. Although the ability of RASSF7 and -8 to associate with Ras has not yet been investigated, it is interesting that both of these proteins have been reported to be required for cell death by necroptosis, a recently recognized form of non-apoptotic cell death (169) .
Of the 10 known members of the RASSF family of proteins, only the NORE1-MST-1 complex has been shown to directly interact with a Ras protein and induce apoptosis under physiological conditions (30) . Additionally, the interaction of RASSF2 and PAR-4 was shown to be influenced by endogenous levels of activated Ras in lung carcinoma cells (161) . On the other hand, many of the studies described above for the RASSF proteins have been done with overexpressed proteins and further investigations will need to be completed to determine if these proteins can mediate Ras-induced apoptosis in an endogenous cellular environment.
Induction of Non-Apoptotic Cell Death by Activated Ras
Although apoptosis is the best characterized form of programmed cell death, there is now considerable evidence to indicate that activation of Ras can be important for inducing nonapoptotic forms of cell death in mammalian cells. Typically, non-apoptotic cell death results in loss of cell viability that does not depend on caspase activation or nuclear DNA fragmentation (170) . Autophagy-associated cell death (sometimes referred to as Type-II programmed cell death) is the most widely studied form of non-apoptotic cell death. Macroautophagy (hereafter referred to simply as autophagy) was originally identified as a mechanism for protein degradation under conditions of nutrient deprivation (171, 172) . Newly formed autophagosomes sequester cytosolic proteins and organelles into structures surrounded by a double membrane. These structures then mature into degradative autolysosomes by acquiring acid hydrolases through fusion with pre-existing lysosomes (173) (174) (175) (176) . In autophagy-associated cell death, early activation of autophagic pathways occurs without overt DNA fragmentation, nuclear collapse or cytoplasmic shrinkage (177, 178) . Death is thought to occur as the cell digests its own proteins and organelles beyond the point where it can recover. This type of cell death may occur during embryonic development in connection with tissue remodeling (177, 179) . It has also received considerable attention in the context of neurodegenerative diseases (180, 181) and hostpathogen interactions (182) . By far the most extensive investigations of autophagy have focused on its role in the response of cancer cells to environmental stress or DNA damage (183) (184) (185) , antineoplastic agents (186) (187) (188) (189) or ionizing radiation (190) . Nevertheless, it remains controversial whether the increased autophagic activity that correlates with cell death is actually a direct cause of the cell's demise. Recent evidence supports the alternative view that accumulation of autophagosomes may signify a survival response intended to overcome environmental stress or rid cells of misfolded proteins or damaged organelles (191) (192) (193) (194) and that, if this fails, cell death may ultimately occur by apoptosis, necrosis or other mechanisms. In this regard, several additional forms of non-apoptotic cell death have now been described, based on specific cellular or molecular criteria. These include paraptosis (195, 196) , oncosis (197) (198) (199) , necroptosis (200, 201) , entosis (202) , programmed necrosis (203, 204) , and methuosis (205, 206) . A detailed discussion of these forms of cell death is beyond the scope of this review. However, in at least one case to be described later (methuosis), Ras has been directly implicated.
The importance of non-apoptotic cell death as a consequence of Ras activation was first noted in glioblastoma and gastric carcinoma cells. Although the incidence of ras mutations ranges from moderate to high in many forms of cancer, the latter tumors rarely exhibit ras mutations (21) . More than a decade ago Kitanaka, Kuchino and colleagues (207, 208) speculated that a strong negative effect of ras mutations on cell survival could explain their absence in these cancers. When they tested this hypothesis by expressing H-Ras(V12) in glioma and gastric carcinoma cells, they observed a non-apoptotic degenerative process instead of the expected induction of apoptosis. This involved accumulation of cytoplasmic vacuoles, with no chromatin condensation or DNA fragmentation. Based on the presence of autophagosomes and autolysosome-like structures, and the fact that cell death could not be reversed by caspase inhibitors, the authors classified this form of Ras-induced cell death as type-2 physiological degeneration (autophagic degeneration) (207, 208) . Interestingly, cells already harboring activating mutations in H-Ras (e.g., bladder carcinoma cells), were not susceptible to this form of cell death, ostensibly because they had already developed compensatory mechanisms to overcome the death-inducing effects of H-Ras and permit tumor growth and survival (207) .
Further evidence to support an association between Ras and non-apoptotic cell death came from studies in neuroblastoma. Although Ras mutations are uncommon in neuroblastoma, (209) , the work of Tanaka et al. (73, 210) suggested that high expression levels of H-Ras correlate with a favorable prognosis. Based on their earlier observations in glioma cells, Kitanaka et al. (211) hypothesized that perhaps a high level of H-Ras expression might contribute to neuroblastoma regression by activating a non-apoptotic death program. In a survey of human neuroblastoma specimens from mass-screened patients, they found a high percentage of tumors with focal areas of cellular degeneration that coincided with regions of high H-Ras expression. In contrast, a smaller percentage of tumors from patients with advanced neuroblastoma contained such areas of degeneration. Consistent with a nonapoptotic death mechanism, the degenerating cells did not stain with apoptotic markers for DNA fragmentation or caspase activation. Follow-up studies in cultured cell lines revealed that expression of activated H-Ras could indeed induce a form of caspase-independent cell death with morphological features of autophagic degeneration in neuroblastoma cells (211) . Although provocative, these studies were not without controversy, as another group failed to detect autophagic degeneration in neuroblastomas with Ras-positive cells (212) . In fact, they found that tumors with the highest frequency of classical caspase-dependent apoptosis surprisingly had the worst prognoses.
Mechanisms of Ras-Induced Non-Apoptotic Cell Death
The preceding studies strongly suggested that activated Ras is capable of inducing pathways for macroautophagy in some types of cancer cells, but also raised important questions about whether or not the induction of autophagy per se is responsible for killing the cells. Some progress has been made in defining the molecular pathways that link Ras to the autophagy machinery, and most recently, evidence from our laboratory has suggested that Ras-induced vacuolization and killing of glioma cells and other types of transformed cells may actually involve a novel form of non-apoptotic cell death termed methuosis, which is distinct from autophagy. In this section we will summarize the emerging information in this evolving area of Ras biology.
Ras and Autophagy
Mechanistic insight into one pathway that can link Ras activation to autophagy came from the work of Codogno and colleagues. They discovered that ERK1/2 dependent phosphorylation of Gα-interacting protein (GAIP), a GAP for the α subunit of the trimeric G-protein, G i3 , stimulates autophagy in colon carcinoma cells in response to amino acid starvation (213) . They then went on to establish the importance of the Ras →Raf→MEK →ERK signaling pathway in this process by showing that Ras(V12) could mimic the downstream effects of starvation on GAIP and autophagy (214) . However, in these studies the long term effects of autophagy induction by Ras on cell viability were not explored.
A more recently discovered mechanism that appears to link Ras to the induction of autophagy involves activation of Rac1. Byun et al. (215) found that overexpression of activated H-or K-Ras, but not N-Ras, was able to induce a high level of caspaseindependent cell death in three different fibroblast cell lines. Cell death was dependent on activation of both PI 3-Kinase and Rac1, although these appeared to work through parallel pathways, since activation of Rac1 did not require activation of PI 3-Kinase. In a follow-up study, the same group reported that Ras-induced death of the fibroblasts was accompanied by increased expression of the autophagosome-associated protein Atg5, and accumulation of autophagosomes (135) . The likelihood that autophagy was a death-promoting event rather than a survival response was supported by the observation that inhibitors of autophagy were able to protect the cells from Ras-induced death. The induction of autophagic death by Ras in this case required activation of Rac1 and downstream signaling via the Rac1→MKK7→JNK→ c-Jun pathway, as cells were protected by chemical inhibition or siRNA knockdown of components in this pathway, but not the ERK1/2 or p38 kinase pathways (135).
Ras and Methuosis
Following the initial reports of the induction of non-apoptotic cell death in glioblastoma cells by activated H-Ras (207, 208) , our research group became intrigued by the cell death phenotype observed in these cells because some of the features appeared inconsistent with the classification as autophagic cell death. Specifically, although the cells clearly contained autophagosomes, the majority of the cytoplasmic vacuoles in the dying cells were phase lucent empty structures that were morphologically distinct from classical autophagic vacuoles and autolysosomes. Therefore, we undertook a series of studies to define more precisely the origin of the Ras-induced vacuoles and the nature of the Ras signaling mechanisms involved in triggering this unique process. These studies led us to define a novel non-apoptotic, non-autophagic, death pathway that can be induced by overexpression of activated Ras proteins in glioblastoma and other cancer cell lines.
Upon close examination by electron microscopy, the vacuoles induced by H-Ras(V12) in glioblastoma cells did not contain degraded proteins or organelles. Nor were they surrounded by a double membrane characteristic of autophagosomes. Moreover, the vacuoles, which contained the activated Ras protein in their limiting membranes, were not acidic and did not display LC3-II, an autophagosome-specific marker (205) (Fig. 2A) . Although autophagy was increased in the cells expressing Ras(V12), siRNA knockdown of the pro-autophagy protein Beclin-1 did not block the accumulation of vacuoles or prevent cell death in cells expressing H-Ras(V12). Taken together, these observations confirmed our initial impression that the phase-lucent vacuoles induced by Ras(V12) expression in glioblastoma cells are not autophagosomes or autolysosomes and that the death mechanism might be distinct from autophagic cell death.
The preponderance of evidence now indicates that the large vacuoles induced by Ras(V12) in glioma cells are in fact derived from macropinosomes (205, 206) . For example, the Rasinduced vacuoles incorporate fluid-phase tracers (Fig.2B ) but they remain distinct from clathrin-coated early endosomes that incorporate transferrin and harbor EEA1, an early endosome marker (205) . In combination with the stimulation of macropinocytosis, Ras(V12) appears to induce significant defects in vesicular trafficking, as the vacuoles do not appear to recycle or merge with lysosomes (Fig.2B ), although they do acquire the late endosomal markers LAMP1 (205) and Rab7 (206) on the surrounding membrane. The accrual of vacuoles eventually fills the cytoplasmic space, leading to cell detachment and cell lysis reminiscent of necrosis (Fig.2C) . Throughout this degenerative process, the cells do not undergo DNA fragmentation or nuclear changes typically associated with apoptosis (205) (Fig. 2C) , and caspase inhibitors do not prevent death (205, 206) . Based on the initiating factor of unchecked macropinocytosis (cell drinking), we dubbed this unique form of Rasinduced necrotic cell death, methuosis (methuo, from the Greek; to drink to intoxication).
To elucidate the mechanism of Ras(V12)-induced methuosis, several of the well studied Ras effector pathways were examined. Based on inhibitor studies, as well as the use of constitutively active Raf constructs, we determined that Ras-induced vacuolization was not dependent on the activation of the Raf → MEK →ERK pathway (216) . Furthermore, the PI 3-Kinase pathway was not required for vacuole induction, as determined through the use of Ras effector domain mutations or re-introduction of a normal PTEN gene into the U251 glioblastoma cell line, reducing the activity of the PI 3-Kinase pathway (216) . A third Ras effector that did not appear to be involved in the formation of vacuoles was RalGDS. Neither Ras effector domain point mutations that prevent interaction with RalGDS nor coexpression of activated Ras with a dominant negative RalA prevented the formation of vacuoles (216) . An important clue concerning the Ras effector pathway that was crucial for the induction of vacuolization was provided by the finding that activated Rac1, but not the active form of other small GTPases, like RhoA and Cdc42, could mimic the phenotype induced by Ras(V12) (216) .
It has been known for a number of years that activated Ras can induce macropinocytosis (217) and that the latter is linked to activation of Rac (218) . However, a relationship between Ras-mediated induction of macropinocytosis and non-apoptotic cell death had not been suspected. In a recent study we defined a requirement for Rac1 activation in methuosis induced by Ras(V12) (206) . Expression of activated Ras caused an increase in Rac activation and cell vacuolization in proportion to the relative amount of H-Ras(V12) expressed. Additionally, in the presence of the Rac inhibitor, EHT 1864 (219), Ras-induced vacuolization was blocked. This, combined with evidence that co-expression of dominantnegative Rac1 with activated Ras prevented vacuolization, indicated that activated Rac1 acts downstream from Ras(V12) to induce methuosis (206) . It remains to be determined precisely how H-Ras(V12) activates Rac in the context of methuosis, since knockdown of the Rac GEF, Tiam1, did not alter the Ras-induced death phenotype (206) .
Downstream from Rac, it appears that the pathway for inducing methuosis involves interaction of activated Rac with components that regulate the trafficking of clathrinindependent endosomes (CIE). Ras(V12)-induced activation of Rac1 leads to a decline in endogenous levels of active Arf6 (206) , a GTPase that controls endosome recycling (220) . This reduction in Arf6-GTP was shown to be mediated through an interaction between activated Rac1 and an Arf6 GAP, GIT1 (206) . Knockdown of GIT1 not only prevented the decrease in active Arf6, but also protected the cells from Rac(V12)-mediated vacuolization and cell death (206) . Thus, it appears that interference with CIE recycling, perhaps coupled with additional defects at the step of endosome-lysosome fusion, triggers the accumulation of CIE-derived vacuoles that ultimately disrupt cellular integrity in methuosis. We have observed that Ras(V12) can induce this form of non-apoptotic death in multiple glioma lines (205) , as well as in osteosarcoma and human embryonal kidney 293 cells (206) . Therefore, it methuosis is not a peculiarity of a single cell line. Figure 3 attempts to provide an overview of the growing number of Ras dependent pathways that have the potential to trigger cell death in normal and/or cancer cells. Although the evidence for some specific pathways is still rather sketchy, overall there is strong support for the notion that activation of endogenous Ras proteins can be important for initiation of apoptosis in a variety of normal and transformed cell types in response to environmental stimuli (death receptor ligands, growth factor withdrawal, nutrient deprivation). It is also clear that activation of Ras can play a key role in mediating the apoptotic response of cancer cells to cytotoxic drugs. At the same time, data accumulated over three decades strongly support the conventional view of Ras as an initiator of signals required for stimulation of cell growth and survival in response to growth factors and hormones and during the process of cell transformation. The great challenge has been, and continues to be, defining the specific factors that go into changing Ras from a pro-survival to a pro-death switch. As noted throughout this review, it is important to recognize that not all members of the Ras family are equal with respect to their ability to induce apoptosis. Therefore, the relative expression levels of different Ras proteins in different cell types may be critical for determining the nature of the response to a specific stimulus. Whether Ras activation transmits a pro-apoptotic or a mitogenic signal will also depend to a great extent on the spectrum of effector proteins it encounters within the cell. Some effector proteins, like NORE1, have a clear apoptotic function, while others, like PI 3-Kinase, are more likely to transmit pro-survival signals. The situation with some well known Ras effectors, like Raf, is less certain, as there is good evidence for both mitogenic and pro-apoptotic functions. The recognition that members of the Ras family can undergo a number of unique posttranslational modifications (prenylation, carboxylmethylation, palmitylation, phosphorylation, nitrosylation) that may influence their localization within the plasma membrane and other subcellular compartments, coupled with the concept that Ras proteins can actively signal from endomembrane compartments, provides a possible framework for understanding how a given Ras protein might come into contact with a different range of effectors, depending on the physiological circumstances and the specific stimuli impinging on the cell. In addition to the numerous studies demonstrating a role for endogenous Ras activation in apoptotic signaling, there are many examples of studies where apoptosis or non-apoptotic cell death have been triggered in cancer cells by ectopic overexpression of Ras constructs bearing activation mutations, usually V12. The fact that these mutant Ras proteins can induce cell death, despite overwhelming evidence that they are oncogenic, makes it tempting to dismiss the paradoxical pro-death effects as artifacts of Ras overexpression. There is some merit to that argument, since the ability of RasV12 to induce cell death is generally manifested at expression levels that exceed endogenous levels and may therefore not represent true physiological functions of Ras. As an example, the death-promoting effects of ectopic RasV12 observed in glioma cell lines (205, 207) contrast sharply with studies showing that Ras plays an important role in glioblastoma tumorigenesis and survival (221) (222) (223) . Nevertheless, we would argue that information gleaned from the studies with overexpression of Ras at "non-physiological" levels may still be of value in pursuing new avenues for cancer therapy. For example, the prognosis for patients with glioblastoma remains poor, in large part due to the fact that glioblastoma cells harbor genetic mutations that render them resistant to apoptosis induced by conventional therapies (224, 225) . The discovery of a novel cell death mechanism induced by overexpression of RasV12 (methuosis), which does not depend on activation of the classical mitochondrial apoptotic pathways, could present new opportunities to induce cell death in tumors, provided that one can identify the responsible signaling pathways and find ways to manipulate them pharmacologically. Similar logic would also apply to the definition of autophagic pathways or NORE1-dependent apoptotic pathways stimulated by overexpression of activated Ras. Ras proteins function as GTP-dependent molecular switches. According to the most widely recognized paradigm for Ras activation, binding of ligands to cell surface receptors initiates tyrosine phosphorylation on cytoplasmic domains. Adapter proteins (e.g., Grb2) containing SH2 domains bind to the p-Tyr and recruit Ras GEFs (e.g. Sos) which promote dissociation of GDP and binding of GTP to the Ras protein. In its active GTP-bound conformation, the Ras protein may associate with a number of different effectors, initiating signaling pathways that can affect cell proliferation, cell survival, differentiation, cytoskeletal organization, vesicular trafficking, or cell death. Normal Ras proteins revert to their inactive GDP state through their intrinsic GTPase activity and interaction with GAPs (e.g., p120) that increase the rate of GTP hydrolysis. The common oncogenic mutations found in Ras proteins interfere with GTP hydrolysis, resulting in proteins that remain "stuck" in the active GTP state and continue to transmit signals to effector pathways in an unregulated manner. A summary of cell death pathways that may be induced by activated Ras. Supporting evidence and references for each of the indicated pathways are mentioned throughout the text of the review. Dashed arrows indicate that details of the intervening step(s) are unclear, or that the connection with activated Ras has not yet been firmly established.
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